ABSTRACT A new solid-state NMR-based strategy is established for the precise and efficient analysis of orientation and dynamics of transmembrane peptides in fluid bilayers. For this purpose, several dynamically averaged anisotropic constraints, including 13 C and 15 N chemical shift anisotropies and 13 C-15 N dipolar couplings, were determined from two different tripleisotope-labeled WALP23 peptides ( 2 H, 13 C, and 15 N) and combined with previously published quadrupolar splittings of the same peptide. Chemical shift anisotropy tensor orientations were determined with quantum chemistry. The complete set of experimental constraints was analyzed using a generalized, four-parameter dynamic model of the peptide motion, including tilt and rotation angle and two associated order parameters. A tilt angle of 21 was determined for WALP23 in dimyristoylphosphatidylcholine, which is much larger than the tilt angle of 5.5 previously determined from 2 H NMR experiments. This approach provided a realistic value for the tilt angle of WALP23 peptide in the presence of hydrophobic mismatch, and can be applied to any transmembrane helical peptide. The influence of the experimental data set on the solution space is discussed, as are potential sources of error.
INTRODUCTION
In a number of recent publications, the orientation of transmembrane peptides has been discussed, particularly in the context of hydrophobic mismatch (1, 2) . The standard NMR method of probing the tilt and rotation angle of a peptide in a bilayer is based on the polarization inversion with spin exchange at magic angle (PISEMA (3)) experiment, which measures the 15 N chemical shift and 15 N-H dipolar coupling on each amide bond. More recently, as an alternative approach, the geometric analysis of labeled alanines (GALA) was developed based on 2 H NMR quadrupolar splitting (4) (5) (6) . With this method, relatively small tilt angles (typically 5-10 , 5.5 for WALP23 in 1,2-dimyristoyl-snglycero-3-phosphocholine (DMPC)), were determined for WALP peptides, which are model peptides designed as mimics of a-helical transmembrane segments of membrane proteins. In a recent study, 15 N PISEMA and 2 H GALA NMR approaches were compared on a similar peptide (GWALP23 in 1,2-dilauroylphosphatidylcholine), yielding in both cases a fairly small tilt angle of~13-10 (7). Similar angle values were obtained by oriented circular dichroism (CD) (8) and attenuated total reflection (ATR) Fourier transform infrared (9) spectroscopies. These results are in apparent contradiction with recent molecular dynamics (MD) simulations, which show that these transmembrane peptides are subject to large-amplitude whole-body motions and that they adopt large tilt angles of, e.g., 31 5 12 for WLP23 (10) or 33.5 5 9 (11) for WALP23 in DMPC. Although the authors of these MD simulations themselves point out some limitations, such as the length required to properly sample the peptide's behavior, the simulations clearly reveal that neglecting dynamical averaging in 2 H quadrupolar splitting interpretation leads to erroneous tilt angles. Therefore, an accurate analysis of the NMR data requires models that include dedicated peptide motions. It has been discussed already that dynamical averaging may be an important factor in the interpretation of PISEMA experiments (12, 13) . Simulations of quadrupolar splitting of deuterated alanines in a peptide helix reveal that dynamical averaging has an even more pronounced effect on the quadrupolar splittings. This is illustrated in Fig. 1 . Fig. 1 b shows that using the GALA approach (no wobbling, no oscillation), a larger tilt angle leads to a stronger variation of the quadrupolar splitting for various label positions. If oscillations about the long axis of the peptide are included in the simulations, these variations of the quadrupolar splitting are dampened. This behavior is illustrated in Fig. 1 c for a peptide with a tilt angle of 12 with Dr varying from 1 to 150 . In such a way, averaging via oscillations gives rise to an apparent tilt angle smaller than its actual value. Finally, in Fig. 1 d, wobbling-in-a-cone motions around the helix axis are also included in the simulations, and it is shown that similar curves can be achieved for different sets of parameters.
From these simulations, it is obvious that quadrupolar splittings alone are not sufficient to distinguish various dynamical models as soon as wobbling and oscillations are taken into account, and that neglecting such peptide motions can lead to an underestimation of the tilt angle (such as 12 instead of 18 ). Similar behavior was described recently in a study by Strandberg et al. (13) . It is therefore essential to add different experimental anisotropic interactions (such as chemical shift anisotropy and dipolar coupling) when performing a dynamical analysis. The recent work of Vostrikov et al. (7) is along this line, combining 2 H NMR and PISEMA experiments. However, the data were analyzed with a semistatic, two-parameter model, with the associated artifacts illustrated above (the term semistatic is employed since a global, isotropic order parameter, scaling down the NMR interaction, is often included).
In this study, we establish an approach based on complementary anisotropic constraints to analyze the dynamics of membrane peptides, which to our knowledge is a new approach. For this purpose, two triple-isotope-labeled WALP peptides have been synthesized. Additional anisotropic NMR parameters, including two 15 N amide chemical shift anisotropies (CSAs), two 13 C carbonyl CSAs, and two 15 N-13 C dipolar couplings (DCs) between spins connected via the peptide bond were determined and combined with the six previously determined alanine methyl 2 H quadrupolar splittings (6) . The previous deuterium NMR data already showed that the peptide is tilted (i.e., that its most probable orientation is not the bilayer normal) and that fast axial diffusion is active along the bilayer normal but not along the a-helix axis (the bilayer normal is an axis of symmetry for the movement, the a-helix axis is not). Therefore, a simple Maier-Saupe orienting potential (14) cannot be used to describe the peptide motion. The data analysis is thus based on a helix rigid-body motion characterized by (see Fig. 1 a) : 1), a fast axial diffusion of the peptide around the bilayer normal; 2), an averaged position of the peptide in the bilayer defined by a tilt angle, t 0 (between the diffusion axis and the a-helix axis), and a rotation angle, r 0 (around the a-helix axis); 3), a wobbling amplitude, Dt, around the averaged tilt angle, t 0 ; and 4), an oscillation amplitude, Dr, around the averaged rotation angle, r 0 .
The anisotropic NMR interactions each explore a large range of orientations of the principal axis system (PAS) with respect to the helix axis, with the 15 N CSA being mostly sensitive to tilt and wobbling (as in the PISEMA approach), whereas the other anisotropic constraints are sensitive to a combination of the four parameters, each in a specific way. ,
). All plots were obtained for the same value of helix rotation angle (r 0 ).
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This appears to be essential for the identification of a unique motional model capable of fitting all the experimental data. 15 N-labeled L-leucine ( 15 N, 98%) were purchased from Cambridge Isotope Laboratories (Andover, MA). Fmoc (9-fluorenylmethyloxycarbonyl) was used to protect its amino functionality, as described by ten Kortenaar et al. (15) , before being used in the peptide synthesis. The molecular mass of the synthesized peptides was verified by mass spectrometry and the purity was analyzed by high-performance liquid chromatography (HPLC) using a C4 reverse-phase HPLC column. For analytical and, if necessary, preparative HPLC, a solvent system with solvent A, composed of 95% water, 5% acetonitrile, and 0.1% TFA (trifluoroacetic acid), and solvent B, composed of 80% acetonitrile, 20% isopropanol, and 0.1% TFA, was used. The purity of the peptides used in this study was >95%.
MATERIALS AND METHODS

Materials
NMR sample preparation
Static parameters of 15 N and 13 C anisotropic interactions were determined from lyophilyzed WALP23 peptide, and 6.5 mmol of powder of each peptide were packed into a 3.2-mm rotor. The 2 H static quadrupolar coupling constant of Ala methyl was measured on 60 mg of dry WALP23#2 peptide. For WALP23 inserted into large unilamellar vesicles of DMPC, solutions of 20 mM DMPC in chloroform were prepared, and the lipid concentration was determined by the Rouser phosphorus assay. Solutions of WALP23 were prepared with a concentration of 500 mM in trifluoroethanol and the concentration of WALP23 was determined by absorption spectroscopy using an extinction coefficient of 22,400 M À1 cm À1 at 280 nm. Unoriented samples,
i.e., liposomes, were used instead of oriented bilayers to allow complete control of the hydration level. Typically, 0.7 mmol of WALP23 peptides and 70 mmol DMPC were mixed in solution (1:100 peptide/lipid molar ratio). The organic solvents were evaporated under a nitrogen flow and further removed under vacuum overnight (ca. 10 À2 mbar). Subsequently, the samples were hydrated with Milli-Q water and lyophilized to yield a fluffy powder, facilitating a thorough hydration at the low hydration levels needed. The unoriented samples were hydrated with deuterium-depleted water to 33% (water/(water þ lipid þ peptide), w/w) and incubated overnight at 37 C to equilibrate the hydration throughout the sample.
NMR experiments
Solid-state magic angle spinning (MAS) experiments were carried out on a Bruker (Billerica, MA) Avance narrow-bore spectrometer operating at 700. 15 N spectra were recorded on a Bruker Avance narrow-bore spectrometer operating at 500.13 MHz for 1 H with a 5-mm simple-resonance and a 7-mm double-resonance probe, respectively, both equipped with a solenoid coil oriented at 90 with respect to the magnetic field. The sample temperature was 313 K in every case. 13 C spectra were referenced to 2,2-dimethyl-2-silapentane-5-sulphonate and 15 N spectra to liquid ammonia, using the 1 H chemical shift of lipid's methyl resonances (0.85 ppm) as an internal reference for each nucleus. 13 C and 15 N static and averaged CSA parameters were determined from standard cross-polarization (CP) MAS spectra. Isotropic chemical shifts were determined at a spinning frequency of 10 kHz. CSAs were recorded by spinning side-band analyses. Typically, 4 kHz and 3 KHz, respectively, were used for the 13 C and 15 N static CSA determinations, whereas 0.75 kHz and 1kHz were used for the averaged CSA of WALP23 peptides into DMPC liposomes. 15 N CSA of WALP in lipid bilayers was also determined from the static NMR powder spectrum. 13 C- 15 N dipolar couplings were determined using a standard REDOR (16) experiment at a spinning frequency of 10 kHz, the DS/S 0 REDOR curves were fitted in a standard manner (17) using Mathcad software (17) (18) (19) . Deuterium NMR spectra were acquired using a standard quadrupolar echo pulse sequence (see Supporting Material for details on NMR experiments).
Determination of experimental static and dynamically averaged CSA 13 C CSA parameters were obtained by the analysis of spinning side-band intensity using Dmfit freeware (http://crmht-europe.cnrs-orleans.fr/ dmfit/).The static CSA and the asymmetry parameter were defined as
C averaged CSA values were determined by using a Hertzfeld-Berger analysis to extract the components of the 13 C dynamically averaged axially symmetric CSA, defined as 15 N spectrum and on a CP-MAS spectrum at 10 kHz of spinning frequency (6).
Quantum chemistry calculation
The peptide's geometry and the 15 N and 13 C CSA static tensor components (more specifically, principal axis orientation with respect to the helix geometry) are required for the calculation of dynamically averaged anisotropic interactions. Both the structure and the static theoretical NMR spectroscopic data were determined using a quantum chemical approach.
All quantum chemical calculations were performed using the Gaussian 03 suite of programs (20) . Molecular geometries of WALP23 were optimized starting from a perfect canonical a-helix structure (F ¼ À58
and J ¼ À47 ) using the ONIOM hybrid approach (21, 22 ) that divides the system into an active and an inactive part. The active part (seven residues centered on the Ala 11 -Leu 12 or the Ala
13
-Leu 14 peptide bond) was calculated using the hybrid density functional theory B3LYP method (23, 24) associated with a Popletype double x basis set augmented by polarization functions on all atoms (namely, 6-31G(d,p)) (25) . The inactive part of the system (the rest of the peptide) was calculated using a semiempirical (AM1) approach (26) (27) (28) . NMR chemical shielding tensors were computed at the B3LYP/6-31G(d,p) level of theory on the whole peptide using the gauge including atomic orbital method for the numerous advantages it offers (29) (30) (31) (32) (33) .
To allow the calculation of motionally averaged CSA parameters, the molecular frame (M) was chosen as follows: the z axis is the main inertia axis of the a-helix; the x axis is perpendicular to the z axis and contains the Leu 12 a-carbon; the y axis completes the direct orthonormal frame. Thus, a Table 2 and Results and Discussion) are the Euler angles associated with the rotation matrix between the CSA tensor principal axis system PAS and the molecular frame M using the zyz convention. 
Computation of the dynamically averaged anisotropic interactions and experimental fittings
Using the static anisotropic tensor information obtained as described above, dynamically averaged interactions were computed using a four-parameter Biophysical Journal 98(9) 1864-1872 model of motion involving tilt (t 0 ), wobbling in a cone of angle (Dt), rotation (r 0 ), and oscillation of amplitude (Dr) (see Fig. 1 a) . Internal dynamics of the peptide's helical structure, although certainly present, were assumed to be negligible based on the observation by molecular dynamics that the helical structure is well preserved during the simulations (11) .
Both quadrupolar and dipolar splittings were computed from the expression
where the constant K QC/DC depends on the type of interaction, quadrupolar (QC) or dipolar coupling (DC), respectively; b QC=DC PN defines the orientation of the bilayer normal, N, relative to the principal axis frame of dipolar or quadrupolar interaction tensor (where the C-D quadrupolar tensor is quasiaxially symmetric). This equation is given for bilayers oriented with the bilayer normal parallel to the magnetic field.
The CSA effects depend on the spherical coordinates b CSA PN and a CSA PN of the bilayer normalÑ in the principal axis frame (PAF) of the CSA tensor (where h is the asymmetry parameter):
Following the Wigner rotation matrix formalism (34), equations gðb The dynamically averaged theoretical anisotropic interactions (QCs, DCs, and CSAs) were then calculated and compared to the experimental data. The sum of their squared differences was minimized to obtain the best fit. To avoid the traps of local minima typical for gradient-based approaches, we have used GOSA (35), a multivariate global optimization program based on simulated annealing (http://www.bio-log.biz). To estimate errors of the best-fit parameters, a Monte Carlo approach was employed (36) . A set of 100 combinations of experimental values was randomly generated within the limits of experimental error, and the fit was performed for each of them. This gave a representation of multiple minima in the four-parameter space (see, e.g., rows F1 and F2 in Table 3 ), and the range of possible values for each fitted parameter. Multidimensional integration was performed with the CUBA library (37).
RESULTS AND DISCUSSION
Secondary structure and aggregation state of WALP23
For interpretation of the solid-state NMR data in terms of a structural and dynamic model of WALP23, it first is important to know whether under the experimental conditions used, the peptide can be considered as a monomeric and stable helix, diffusing freely in the fluid bilayer.
Different studies have shown the backbone structure of the WALP peptides to be remarkably robust, even withstanding considerable mismatch. This is most clear from FTIR measurements, which showed, at the amide I position of a range of different-length WALP peptides, an intense narrow band that did not shift or broaden upon either increasing or decreasing bilayer thickness (9) . Also, CD measurements (9, 38) showed an a-helical structure under a range of conditions, and fits of 2 H NMR data on Ala-d 4 -labeled peptides suggested significant distortion only at conditions of extreme positive mismatch (39) . In addition, a variety of MD simulations suggested a rather perfect and robust a-helix (11, 40) . With respect to the aggregational behavior, it should be mentioned that different lines of experimental evidence suggest that WALP23 by itself has no tendency to self-associate in a lipid bilayer. For example, the lipid flip-flop-promoting effect of the peptides was found to be perfectly linear over a wide range of peptide concentrations (41) . Also, selfquenching of pyrene-labeled peptides was found to occur only at peptide concentrations significantly higher than those in this study (42) , and the same holds for sucrose density gradient centrifugation experiments, which showed homogeneous peptide/lipid mixtures up to very high peptide/lipid ratios (38) . So far, only in the gel phase of DPPC and other saturated lipids aggregates have been observed by AFM. However, these were linear aggregates, supporting in fact the notion that the peptides have a strong preference for interaction with lipids (43) . Nevertheless, to avoid any risk of peptide aggregation, we performed our analysis on samples with a relatively low peptide/lipid ratio of 1:100. 15 N CSAs and asymmetry parameters were found to be close to the experimental values obtained on dry peptide. Consequently, we can be confident of their correctness and, in particular, of the quality of the eigenvectors (tensor orientation relative to the molecular frame (see Table 1 )). To check the accuracy of our theoretical chemical-shielding eigenvectors, we can define the tensor orientation relative to the peptide plane ( Fig. 2 and Table 1 ).
For the 15 N tensor, a N is the angle between e 11 and the N i -C iÀ1 peptide bond, b N the angle between e 22 and the normal to the peptide plane, and g N the angle between e 33 and the N-H bond, where e ii is the eigenvector associated with the s ii eigenvalue (see Fig. 3 for e ii representation). For the 13 C 1 tensor, a C is the angle between e 11 and the N i -C iÀ1 peptide bond, b C the angle between e 22 and the C-O bond, and g C the angle between e 33 and the normal to the peptide plane. The angles obtained on both peptides (see Table 1 ) are in agreement with the standard values used to describe 15 N and 13 C chemical-shift tensor eigenvectors (44) (45) (46) . In particular, 15 N the angle between e 33 and the N-H bond is equal to 19 and the e 11 is tilted by~21 from the peptide plane. For 13 C 1 , the a C angle is close to 32 , e 22 is almost colinear to the carbonyl C-O bond, and e 33 is perpendicular to the peptide plane.
MAS NMR experiments on peptides inserted into membranes
To ensure compatibility of the existing 2 H NMR data with the new NMR data, a deuterium-labeled alanine was included in each peptide, which made it possible to check the sample conditions by deuterium NMR. For both triple-labeled peptides, the quadrupolar splittings found were identical to previously published values (6) (data not shown). In addition, each sample permitted the determination of the 15 N amide chemical shift and averaged CSA for one leucine, 13 C carbonyl chemical shift and averaged CSA for one alanine (Fig. 3) , and one 15 N-13 C dipolar coupling linked to the dynamics and orientation of the N-C 1 peptide bond (data not shown).
Isotropic chemical shifts were determined at a spinning frequency of 10 kHz on both peptides inserted into bilayers. The carbonyl 13 C line widths were equal to 0.3 ppm, which is a good indication of structural homogeneity. The isotropic 13 C chemical shift, 178.9 ppm in both cases, was typical for a peptide in a helical conformation, confirming that the peptide's dynamics preserves a helical conformation at positions 11 and 13. To determine dynamically averaged CSAs, two strategies were applied, depending on spectral overlap and sensitivity of each nucleus. For 13 C, dynamically averaged CSAs were obtained from slow-spinning side-band MAS spectral analysis, which makes it possible to resolve resonances arising from the peptides and those arising from naturalabundance lipid carbonyls (see Fig. 3 a) . For 15 N dynamically averaged CSAs, the most efficient method, due to the low signal intensity, appeared to be a comparison between the isotropic chemical shift measured under MAS conditions and the powder spectrum measured under static conditions. The most intense shoulder of the powder spectrum provides a value of d 90 ( Fig. 3 b) , as was already proposed by Cady et al. (47) for axially diffusing peptides. The magic-angle hole can be seen in 15 N static spectra and results from the colinearity of the chemical-shift tensor and the dipolarcoupling tensor in uniaxially mobile molecules (48) .
The CSA values for both 15 N and 13 C confirm the dynamical behavior of the peptide, since they are significantly lower in liposomes than in peptide powder (compare, for Table 2 ). Moreover, the asymmetry parameters extracted from spinning side-band analysis of the 13 C spectra were found to be null for both peptides in liposomes, in agreement with dynamics involving fast axial diffusion along the bilayer normal, as was already demonstrated in previous 2 H NMR experiments (5, 6) . The resulting part of the anisotropic interaction is directly related to the peptide's motion in terms of tilt (t 0 ), rotation (r 0 ), wobbling (Dt), and oscillation (Dr).
All the computed static and experimentally determined static and dynamically averaged CSAs are summarized in Table 2 , together with quadrupolar and dipolar splittings.
Data analysis and extraction of dynamical parameters
Six new anisotropic constraints have been determined, and these were combined with the previously published six quadrupolar splittings determined on peptides including deuterated alanines. As described in Materials and Methods, we then explored the entire space of possible solutions in terms of a four-parameter dynamical model involving tilt, t 0 , rotation, r 0 , wobbling, Dt, and oscillations, Dr. In the fitting procedure, the principal axis orientations were taken from computed values, whereas the principal values were the experimental ones, measured on the dry peptide powder by standard spinning side-band analysis (see Table 2 ). The complementary orientations of the anisotropic tensors allowed for identification of a well-defined region of agreement between simulations and experiment, as illustrated in Fig. 4 and Table 3 (line A) .
Several important conclusions can be drawn from this analysis:
1. The complete set of anisotropic constraints is sufficient to extract the complete orientation and dynamics of the WALP peptide in DMPC (Table 3 , line A). The tilt and rotation angles are determined with good accuracy (20.8 5 1.4 and 146 5 7 , respectively), which agrees well with the tilt angle of 23 obtained recently using a fluorescence approach (49) and confirms the trends indicated in molecular dynamics simulations (11) . Although the qualitative agreement with fluorescence and MD simulation is interesting, it should be realized that these two approaches each have their own limitations, and we believe that the NMR approach presented here is more accurate. In particular, the MD work is on a completely different timescale, and the motions seen by MD may or may not accurately reflect the population examined on the timescale of the NMR experiment. Our NMR analysis furthermore shows that both the tilt and rotation angles are very stable among the various subsets of constraints (Table 3 , lines A-E). The wobbling and oscillation amplitudes are also determined with reasonable accuracy, although slightly less precisely than tilt and rotation. The oscillation amplitude, Dr, is very large (584 ), confirming that data analysis based on a semistatic, twoparameter model is inappropriate. The order of magnitude of Dr is in complete agreement with the molecular dynamics simulation (11, 50) . It should be stressed that, compared with the GALA analysis, the rotation angle, r 0 , initially determined is not modified. The angle of 155 , as determined in Ozdirekcan et al. (11, 50) corresponds to 145 in the molecular frame used in this article, and hence corresponds well with the value of 146 obtained here. These results show that dynamical averaging mostly affects the tilt angle determination. 2.
15 N-13 C dipolar couplings obtained for this highly dynamic peptide are weak (~300 Hz). The accuracy is relatively low due to the low signal/noise ratio. Removal of these constraints does not significantly change the outcome of the fit (Table 3 , line B), suggesting that one should proceed with the analysis without parameters from the fairly time-consuming REDOR experiments. 3. Adding 15 N-H dipolar couplings such as those that can be measured from the (also time-consuming) PISEMA 
PM Þ and (Q, F) are the angles defining the CSA and dipolar or quadrupolar tensor orientations in the molecular frame (see Materials and Methods) . Experimental uncertainties were estimated from two independent experiments and several sets of fitting parameters. They were not sensitive to line width, and the values finally retained and given in this table are very conservative (10% relative error in most cases, 5% for 15 
N CSAs).
Biophysical Journal 98(9) 1864-1872 experiment does not add much to the data analysis (Table  3 , line C). This can be understood from the fact that the main tensor orientations of 15 N-H dipolar coupling and 15 N CSA interactions are similar, i.e., almost parallel to the helix axis. Both are very sensitive to the helix tilt (t 0 and Dt) and less sensitive to helix rotation (r and Dr). Therefore, using only these two interactions is not sufficient for accurate data analysis (see Table 3 , line H, where t 0 , Dt, and r 0 are different, and where Dr is not determined), but using one of them is necessary (and sufficient) to separate the two pairs of variables. Accordingly, using only the six CD 3 quadrupolar splittings and two 15 N CSA values gives a good solution to the problem (Table 3 , line E), whereas six quadrupolar splittings alone are not sufficient (Table 3 , lines F1 and F2; note that the best fitting in this case is obtained for F1, i.e., for a very small tilt angle). It should be stressed that the PISEMA experiment offers the advantage of a 2D experiment in terms of increased resolution, and thus makes it possible to obtain exploitable anisotropic interactions on uniformly 15 N-labeled peptides. 4. About exploring various motional models: largely similar conclusions were derived when a Gaussian distribution was used instead of a uniform distribution. In the case of the Gaussian distributions, a global minimum was found for t 0 ¼ 16. (11, 40, 51) , internal dynamics of the peptide is also expected to influence the data analysis to some extent. This point is currently under examination by assessing such ''internal order parameters'' from MD simulations and by incorporating them into the data fitting process. 5. In the search for an optimal strategy to do a dynamical analysis of a transmembrane peptide (with fast axial diffusion around the bilayer normal), we propose to use six anisotropic interactions that allow optimal sampling of different tensor orientations by selecting specific labeling positions along the peptide helix ( (53) or DMPC (54) lipid in the fluid phase, which is around 0.6. This is not surprising considering that the peptide is anchored on both sides of the bilayer, whereas the lipid molecules extend over only half of the bilayer.
Several methods have been used to study structural properties of membrane proteins and to determine tilt angle of transmembrane peptides, including solid-state NMR, EPR, CD, ATR-FTIR, and fluorescence spectroscopy (for a recent review, see Holt and Killian (55) . All these techniques, like 2 H GALA NMR, are powerful and simple to interpret in terms of an averaged orientation of the helices (t 0 and r 0 ). However, the existence of distributions of orientation (characterized by a wobbling, Dt, and oscillation, Dr, parameters) and averaging effects make things more difficult. For instance, it is clearly stated in the very comprehensive review of Goormaghtigh et al. (52) that in the usual data treatment of ATR infrared spectroscopy, ''S helix order cannot be evaluated independently from S helix angle '', so that usually S helix order is set to 1 (i.e., Dt ¼ 0). Moreover, in the case of WALP23, one has to deal with the existence of a nonaxially symmetric distribution of the rotation angle, r, and the associated amplitude of oscillations (Dr), and this had never been included in the data analysis for a tilted peptide, to the best of our knowledge.
CONCLUSIONS
In this work, we analyzed a data set of different NMR anisotropic interactions (quadrupolar couplings, dipolar couplings, and CSAs) with an extended, dynamical fourparameter (t 0 , Dt, r 0 , Dr) peptide model. An averaged tilt angle of 21 for WALP23 peptides inserted into DMPC has been determined. This is much larger than the tilt angle of 5.2 obtained by 2 H GALA NMR analysis based on a quasistatic model and follows the trends toward larger tilt angles indicated from MD simulations. It also provides an accurate determination of rotation angle, wobbling, and oscillation amplitudes. It does not, however, give any indication of the various timescales of these motions. These could be obtained in principle by analyzing solid-state deuterium NMR inversion-recovery and Jeener-Broekaert relaxation data in a similar way to the one proposed by Prosser et al. for lipids (53) or for the peptide gramicidin (14) . 1 H, 13 C, and 15 N relaxation studies in the rotation frame under magic-angle spinning and with static-oriented samples could also be used to characterize the motional model (56) . It should be stressed, however, that for this particular case, the motional model should include at least three timescales, characterizing diffusion along the bilayer normal, wobbling, and oscillations (not counting slow ensemble motions of the bilayer).
In the strategy, the combination of at least three different anisotropic tensors possessing complementary orientations proved to be essential to solve the inherent under determination brought by the explicit introduction of dynamical averaging and to analyze the orientation and dynamics of transmembrane peptides in a precise and efficient way. This approach should be very generally applicable to any transmembrane peptide and will allow for assessment of the influence of hydrophobic mismatch not only on tilt angles but also on the amplitudes of wobbling and oscillations.
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